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Abstract -- Wind turbine generators (WTGs) are usually 
equipped with mechanical sensors to measure wind speed and 
turbine shaft rotating speed for system monitoring, control, and 
protection. The use of these sensors increases the cost and 
hardware complexity and reduces the reliability of the WTG 
system. This paper proposes a novel real-time speed estimation 
algorithm for wind turbines equipped with doubly-fed induction 
generators (DFIGs). In the proposed algorithm, both the wind 
and turbine shaft speeds are estimated from the measured DFIG 
output electrical power. The estimated speeds are then used to 
determine the maximum power point of the DFIG wind turbine. 
A P-Q decoupled control strategy is developed to continuously 
regulate the DFIG at the maximum power point without the 
need of using any wind or turbine shaft speed sensors. 
 
Index Terms--Doubly-fed induction generator; maximum 
power generation; real-time speed estimation; sensorless 
control; wind turbine.  
I.   INTRODUCTION 
Wind power is capable of becoming a major contributor to 
the nation’s and world’s electricity supply over the next three 
decades [1]-[3]. Currently, the majority of large- and 
medium-size wind turbines are equipped with doubly-fed 
induction generators (DFIGs). Monitoring, control, and 
protection of wind turbine generators (WTGs) require the 
information of wind speed and turbine shaft speed, which are 
usually measured by well-calibrated professional mechanical 
sensors. In order to maintain these sensors in good operating 
condition, regular inspection and maintenance are required. 
Obviously, the use of these sensors increases both the 
equipment and maintenance costs of the WTG system. 
Moreover, the sensors are inevitably subject to failure even 
with careful maintenance. Sensor failure may further cause 
the failure of the WTG control and electrical systems [4]. 
According to the statistical data reported in [4], sensor 
failures constitute more than 14% of failures in WTG 
systems, while more than 40% of failures are linked to the 
failure of sensors, the control system, or the electrical system. 
Repairing the failed components requires additional cost and 
causes significant downtime resulting in a significant loss in 
electrical power production. Therefore, the use of sensors 
reduces the reliability and increases the operational cost of 
the WTG systems. In addition, wind speed sensors, such as 
anemometers, are very sensitive to icing. In many locations 
that have excellent wind resources but long winters, special 
models of anemometers with electrically heated shaft and 
cups are required. Consequently, additional sensors and an 
electrical grid connection are required to measure the 
temperature and to run the heater, respectively. 
The problems incurred in using wind and shaft speed 
sensors can be solved through mechanical sensorless control. 
Previous research has focused on three types of sensorless 
control for WTG systems, namely, power signal feedback 
(PSF) [5]-[8], hill-climb searching (HCS) [9]-[11], and wind 
speed prediction [12]. In PSF control, wind speed is 
estimated using the measured WTG power and shaft speed 
based on the knowledge of the WTG power characteristics. 
The HCS method searches for the optimal operating point of 
WTGs through an incremental control action. Based on 
performance comparison of the WTG system at the present 
and previous time steps, the controller incrementally 
increases, decreases, or fixes the control variables to achieve 
the optimal operating point of the system. Theoretically, this 
method needs neither wind speed and turbine shaft speed nor 
knowledge of wind turbine characteristics. However, the 
HCS control works well only when the wind turbine inertia is 
very small, so the turbine speed reacts to wind speed almost 
instantaneously, which is generally not true for most DFIG 
wind turbines. Moreover, if the wind speed changes 
significantly from moment to moment, this method may 
never be able to locate the optimal operating point because of 
the long search time requirement. In a wind-speed-
prediction-based control, an autoregressive statistical model 
is developed to predict the wind speed from the historical 
data. Therefore, this method does not need the information of 
the turbine shaft speed. However, this method may result in a 
complex computation, and the predicted wind speed is not 
accurate for real-time control of WTG systems. 
This paper extends the work in [5] by proposing a P-Q 
decoupled output maximization control for DFIG wind 
turbines. A real-time speed estimation algorithm is developed 
where both the wind and turbine shaft speeds are estimated 
from the measured generator output electrical power, based 
on the knowledge of the WTG dynamics and power 
characteristics. The estimated wind and turbine shaft speeds 
are then used to determine the optimal power references for  
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 controlling the DFIG wind turbine. Consequently, the WTG 
is optimally controlled to generate the maximum electrical 
power without the need of using any wind or turbine shaft 
speed sensors. 
II.   DFIG WIND TURBINE SYSTEM 
Fig. 1 illustrates the basic configuration of a DFIG wind 
turbine. It consists of a low-speed wind turbine driving a 
high-speed DFIG through a gearbox. The DFIG is a wound-
rotor induction machine. It is connected to a power grid at 
both stator and rotor terminals. The stator is directly 
connected to the grid while the rotor is fed through a variable 
frequency dc-link-voltage converter, which consists of a 
rotor-side converter (RSC) and a grid-side converter (GSC) 
and usually has a rating of a fraction (25%-30%) of the DFIG 
nominal power. As a consequence, the WTG can operate 
with the rotational speed in a range of ±25%-30% around the 
synchronous speed, and its active and reactive power can be 
controlled independently. Typically this type of wind turbine 
is also equipped with a blade pitch control to limit the 
extracted power during conditions of high wind speeds.  
III.   REAL-TIME WIND SPEED ESTIMATION 
For a WTG system, the electrical power generation from 
wind energy can be described by the mathematical models in 
the flow chart in Fig. 2. The conversion of wind energy (Pw) 
to turbine mechanical power (Pm) is represented by a wind 
turbine aerodynamic model. In this model, the turbine 
mechanical power Pm is represented as a nonlinear function 
of the wind speed vw, turbine shaft speed ωt, and blade pitch 
angle β. The dynamics of the WTG shaft system is 
represented by a set of differential equations. Consequently, 
the mechanical power is transferred from the turbine to the 
generator (Pin). The generator converts mechanical power 
into electrical power (Pe), where Pe=Ps+Pr (see Fig. 1). The 
losses (Ploss) of the system (referred to the generator side) are 
considered in the model. The output electrical power Pe of 
the generator is measured. Therefore, if developing an 
inverse model from Pe to vw, then the wind speed can be 
estimated from the measured output electrical power. 
 
 
 
Fig. 2. The principle of wind speed estimation. 
 
In the proposed algorithm, the wind speed vw is estimated 
directly from the nonlinear inverse mapping of the wind 
turbine aerodynamics, provided that values are known for Pm, 
ωt, and β. In this work, both Pm and ωt are estimated instead 
of being measured from sensors. The proposed algorithm 
then uses a three-layer Gaussian radial basis function 
network (GRBFN) to perform a static nonlinear inverse 
mapping of the wind turbine aerodynamics to estimate the 
wind speed, as shown in Fig. 3, where wvˆ , mPˆ , and tωˆ  are 
the estimated values of vw, Pm, and ωt, respectively. 
The GRBFN has been shown to be a universal 
approximator [13] for nonlinear functions. The overall input-
output mapping for the GRBFN is given by: 
  
= 







−
−+=
h
j j
j
jw
Cx
vbv
1
2
2
expˆ
σ
       (1) 
where x = [ mPˆ , tωˆ , β] is the input vector; Cj∈Rn and σj∈R 
are the center and width of the jth RBF units in the hidden 
layer, respectively; h is the number of RBF units; b and vj are 
the bias term and the weight between hidden and output 
layers, respectively; and wvˆ  is the output of the GRBFN that 
represents the estimated wind speed. 
The parameters of the GRBFN, including the number of 
RBF units, the RBF centers and width, and the output 
weights and bias term, are determined by using a training 
data set generated from the wind turbine aerodynamic 
characteristics This data set covers the entire operating range 
of the wind turbine [5]. The wind turbine aerodynamic 
characteristics are usually available from the turbine 
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Fig. 1. Configuration of a DFIG wind turbine connected to a power grid. 
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 manufacture. Once trained, the parameters of the GRBFN are 
then fixed for online estimation of the wind speed. Since the 
training data set covers the entire operating range of the wind 
turbine, the resulting GRBFN provides an accurate wind 
speed estimation model over the entire WTG operating range, 
provided that the values of Pm, and ωt are estimated 
accurately. 
 
wvˆ
 
 
Fig. 3. GRBFN-based wind speed estimation algorithm. 
IV.   REAL-TIME TURBINE MECHANICAL POWER ESTIMATION 
The turbine mechanical power Pm is estimated from the 
measured generator output electrical power Pe while taking 
into account the power losses and shaft system dynamics of 
the WTG. In this work, the shaft system of the WTG is 
simply modeled as a single lumped-mass system, given by: 
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where Hm is the lumped inertia constant of the system; ωm is 
the shaft speed of the lumped-mass system and ωm = ωt = ωr 
(see Fig. 1); Dm is the damping coefficient of the lumped-
mass system; and the total power losses Ploss of the WTG 
system is calculated by the procedure given in [5]. In this 
paper, all quantities are expressed as per-unit values. 
Rewriting (2) in discrete-time format gives: 
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Equation (3) estimates Pm at any time step from the measured 
Pe and the estimated Ploss, provided that values are known for 
ωm (estimated). 
V.   REAL-TIME TURBINE SHAFT SPEED ESTIMATION 
In terms of the instantaneous variables shown in Fig. 1, 
the stator active power can be written in synchronously 
rotating dq reference frame as follows. 
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where ωs is the rotational speed of the synchronous reference 
frame; rs and Lm are the stator resistance and mutual 
inductance, respectively. Similarly, the rotor active power is 
calculated by: 
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where sωs is the slip frequency defined by sωs = ωs – ωr; ωr 
is the rotor speed. Equations (4) and (5) yield 
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Consequently, the DFIG rotor speed ωr can be estimated as: 
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where rωˆ  is the estimated value of ωr. In a DFIG wind 
turbine, the three-phase stator and rotor voltages and currents 
are usually measured for system monitoring, control, and 
protection. Consequently, the stator power Ps and rotor 
power Pr can be calculated. Assume the grid frequency fs is 
constant at 60 Hz, therefore, ωs = 2π fs is a constant. 
According to (7), the DFIG rotor speed ωr can be estimated 
from the measured electrical quantities of the DFIG only. 
Therefore, the WTG shaft speed ωm is estimated as rm ωω ˆˆ =  
based on the lumped-shaft model (2). 
VI.   MECHANICAL SPEED-SENSORLESS CONTROL FOR DFIG 
WIND TURBINES 
The mechanical power that a wind turbine extracts from 
wind can be calculated by: 
),(321 βλρ Pwrm CvAP =         (8) 
where ρ is the air density; Ar = πR2 is the area swept by the 
rotor blades; CP is the power coefficient, which is a function 
of both tip speed ratio λ and the blade pitch angle β; and λ is 
defined by λ = ωtR/vw, where R is the wind turbine rotor 
radius. For any wind turbine there is an optimal tip speed 
ratio λopt (a constant) which yields the maximum power 
coefficient CPm at any wind speed within the operating range. 
According to (8), when CP is controlled at the maximum 
value, the wind turbine extracts the maximum mechanical 
power and, consequently, the DFIG generates the maximum 
electrical power from the wind. At this optimal condition, 
based on the estimated wind speed wvˆ , the corresponding 
maximum mechanical power Pm,max of the wind turbine can 
be calculated as: 
  ),(ˆ321max, βλρ optPmwrm CvAP =        (9) 
Based on (2), (3) and (9), the maximum DFIG output 
electrical power max,eˆP  at each time step can be estimated by: 
 
)()()(
)(
)()()()(ˆ
2
,max,
2
,2
,max,max,
tPtDtP
dt
td
HtPtDtPtP
lossopttmm
optt
mlossopttmme
−−≈
−−−=
ω
ω
ω    (10) 
where ωt,opt = λopt wvˆ /R is the optimal turbine shaft speed 
corresponding to the maximum power point and Ploss(t) is the 
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 power losses of the WTG. 
According to (7) and (10), the maximum stator active 
power max,sˆP  can be estimated by: 
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The max,sˆP  is then used by the RSC controller as the optimal 
stator active power reference (i.e., max,
*
sˆs PP = ) for maximum 
power point tracking (MPPT). The overall control system of 
the WTG does not need any mechanical wind and turbine 
shaft speed sensors. 
The proposed real-time wind speed estimation algorithm is 
integrated into the control system of the DFIG wind turbine, 
as shown in Fig. 4. The DFIG wind turbine control system 
generally consists of two parts: the electrical control of the 
DFIG and the mechanical control of the wind turbine blade 
pitch angle. Control of the DFIG is achieved by controlling 
the RSC and the GSC. The control objective of the RSC is to 
regulate both the stator-side active and reactive power 
independently. The control objective of the GSC is to keep 
the dc-link voltage constant regardless of the magnitude and 
direction of the rotor power. The GSC control scheme can 
also be designed to regulate the reactive power of the DFIG. 
The blade pitch angle control regulates the pitch angles of the 
wind turbine blades, which determines the mechanical power 
that the turbine extracts from the wind. The blade pitch angle 
control is only activated when the wind speed is higher than 
the rated value. The details of the DFIG wind turbine control 
system are given in [14]. 
Fig. 5 illustrates the schematic diagram of the overall 
close-loop WTG system, including the wind speed estimation 
algorithm and the WTG controller. Since the wind speed 
usually varies fast but the response of the WTG is relatively 
slow due to its inertia, the possible high-frequency, i.e., the 
frequency higher than the self-excitation frequency of the 
open-loop system in Fig. 5, components in the optimal power 
reference signals may cause self-excitation of the system. To 
achieve a stable MPPT control, a low-pass filter is required to 
attenuate the open-loop gain of the system at the self-
excitation frequency. In this paper, a forth-order, low-pass 
filter is used to eliminate the possible self-excitation of the 
system. The cut-off frequency of the low-pass filter is 0.7 Hz, 
which is less than the self-excitation frequency of 1.4 Hz of 
the open-loop WTG system.  
 
 
 
Fig. 5. Schematic diagram of the overall close-loop WTG system, including 
the wind speed estimation algorithm and WTG controller. 
VII.   SIMULATION RESULTS 
Simulation studies are carried out in PSCAD/EMTDC for 
a 3.6-MW DFIG wind turbine [5] to verify the effectiveness 
of the proposed real-time speed estimation algorithm and 
 
 
Fig. 4. Mechanical-speed-sensorless control for DFIG wind turbine to generate maximum electrical power. 
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 sensorless control strategy. Some typical results are 
demonstrated and discussed in this section. 
A.   Maximum Power Generation during Wind Speed 
Variations 
The wind speed varies in a range of ±3 m/s around the 
mean value of 12 m/s, as shown in Fig. 6. The wind speed 
variations cause variations of the WTG mechanical and 
electrical quantities, such as the turbine mechanical power, 
shaft speeds, electrical power, etc. Figs. 6-8 compare the 
actual and estimated wind speeds, the actual and estimated 
DFIG shaft speeds, and the actual and estimated turbine 
mechanical powers, respectively. These results show that the 
proposed algorithm accurately estimates the DFIG shaft 
speed and turbine mechanical power. Consequently, the wind 
speed is accurately estimated in real time. 
Based on the estimated wind and turbine shaft speeds, the 
optimal DFIG stator active power reference is determined for 
maximum electrical power generation. Fig. 9 shows the 
reference and actual values of the DFIG stator active power. 
The stator active power is well controlled by the DFIG 
controllers to track the optimal reference with a good 
precision during wind speed variations. Consequently, the 
WTG continuously generates the maximum electrical power, 
as shown in Fig. 10. This maximum power generation can be 
demonstrated by the result of the wind turbine tip speed ratio, 
as shown in Fig. 11. The actual tip speed ratio varies in a 
small range around the average value of 5.95. The variations 
of the tip speed ratio are caused by fast variations of the wind 
speed and the relatively slow responses of the WTG system. 
However, the average tip speed ratio is almost the same as 
the optimal tip speed ratio of λopt = 5.96. 
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Fig. 6. MPPT: wind speed estimation results. 
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Fig. 7. MPPT: DFIG shaft speed estimation results. 
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Fig. 8. MPPT: wind turbine mechanical power estimation results. 
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Fig. 9. MPPT: FDIG stator active power tracking results. 
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Fig. 10. MPPT: output electrical power of the DFIG. 
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Fig. 11. MPPT: actual and optimal tip speed ratios. 
 
B.   Constant Power Generation during Wind Speed 
Variations 
With the same wind conditions as in Section VII-A, the 
DFIG stator active power reference is now maintained at a 
constant value of 2.56 MW during wind speed variations. 
The corresponding results are shown in Figs. 12-15. The 
stator active power is well controlled by the DFIG controllers 
at the constant value of 2.56 MW even when the wind speed 
408
 varies significantly, as shown in Fig. 12. Again, the proposed 
algorithm accurately estimates the DFIG shaft speed (Fig. 13) 
and turbine mechanical power (Fig. 14). Consequently, the 
wind speed is accurately estimated in real time (Fig. 15). 
Compared to Fig. 9, the DFIG shaft speed varies in a large 
range since the DFIG is not controlled optimally to generate 
the maximum electrical power. 
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Fig. 12. Constant power control: FDIG stator active power tracking results. 
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Fig. 13. Constant power control: DFIG shaft speed estimation results. 
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Fig. 14. Constant power control: wind turbine mechanical power estimation 
results. 
 
0 20 40 60 80 100 120 140 160 180 200
9
10
11
12
13
14
15
W
in
d 
sp
ee
d 
(m
/s)
Time (s)
  Actual value
  Estimated value
 
 
Fig. 15. Constant power control: wind speed estimation results. 
C.   Grid Fault during Wind Speed Variations 
With the same wind conditions as in Section VII-A, the 
DFIG is again optimally controlled to generate the maximum 
electrical power. At 10 s, a 200-ms temporary three-phase 
short circuit is applied to the grid close to the terminal of the 
DFIG. This grid fault causes a 200-ms voltage dip at the 
terminal of the DFIG (Fig. 16) and a short period of transient 
in the WTG mechanical and electrical quantities, as shown in 
Figs. 17-20. Except for the short period of the transient state 
following the grid fault, the proposed algorithm accurately 
estimates the DFIG shaft speed (Fig. 17) and turbine 
mechanical power (Fig. 18) and consequently the wind speed 
(Fig. 19) in real time. These results show that the proposed 
algorithm can ride through grid faults to continuously 
provide accurate speed estimation. The performance 
degradation of the speed estimation algorithm during the 
transient state does not affect the performance of the WTG 
controllers, as shown in Fig. 20. The proposed mechanical-
speed-sensorless control strategy works well at various 
operating conditions, including the most challenging 
operating conditions, i.e., the grid fault conditions. 
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Fig. 16. Grid fault: DFIG terminal voltage. 
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Fig. 17. Grid fault: DFIG shaft speed estimation results. 
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Fig. 18. Grid fault: wind turbine mechanical power estimation results. 
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Fig. 19. Grid fault: wind speed estimation results. 
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Fig. 20. Grid fault: FDIG stator active power tracking results. 
VIII.   CONCLUSIONS 
This paper has proposed a novel mechanical-speed-
sensorless control for maximum wind power generation using 
DFIG wind turbines. A real-time speed estimation algorithm 
has been developed to estimate both the wind and turbine 
shaft speeds from the measured DFIG output electrical 
powers. The estimated speeds are then used to determine the 
maximum power point for the DFIG controller to generate 
the maximum electrical power from the wind. The 
performance of the proposed real-time speed estimation 
algorithm and sensorless control strategy has been evaluated 
by simulation studies for a 3.6-MW DFIG wind turbine. 
Results have shown that the proposed speed estimation and 
sensorless control algorithms work well at various operating 
conditions. 
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